The goal of achieving effective treatment options for patients with rheumatoid arthritis (RA) has led to the development of biologic therapies that have improved our ability to control the signs and symptoms of RA, prevent structural joint damage, and attenuate functional losses [1] [2] [3] [4] . Because RA is a chronic disease, therapies are administered over prolonged periods, a situation that requires continued vigilance of safety events.
Tumor necrosis factor (TNF) inhibitors have demonstrated acceptable safety profiles in longterm followup programs, but concerns have been expressed about serious infections, aggravation of congestive heart failure, and malignancies [1] [2] [3] 5 . Because of the immunomodulatory effects of RA therapies, it has become clear that specific safety adverse events (AE) should be monitored, especially more common infections, as well as less common events such as tuberculosis and lymphoma 6 . Moreover, RA itself has also been shown to increase the risk of serious infection, certain malignancies, and cardiovascular disease, either by the disease process or as a result of therapy [7] [8] [9] .
Rituximab is approved for the treatment of non-Hodgkin's lymphoma and RA [10] [11] [12] [13] . Rituximab acts by binding to the CD20 antigen, leading to depletion of CD20-positive B cells in the blood and other compartments. CD20 is not expressed on stem cells 14 (allowing B cell recovery after treatment) or on plasma cells. The safety and efficacy of rituximab in the treatment of RA has been reported in randomized placebo-controlled trials of 6-12 months' duration, while open-label extension studies have analyzed safety and efficacy results over multiple courses of rituximab [11] [12] [13] 15 .
Our purpose is to describe the safety profile of patients with RA who were treated with rituximab in clinical trials. Because of the effect of rituximab on B cells, we evaluated specific AE that were possibly attributable to B cell depletion, in addition to safety events of special interest in patients with RA. This analysis involves a larger number of rituximab-treated patients than previously reported, followed for multiple courses. These patients had a previous inadequate response to TNF inhibitors and/or methotrexate (MTX).
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MATERIALS AND METHODS
Patients and studies. For longterm safety assessments, analyses included pooled safety data from patients with RA who were treated with rituximab in combination with MTX from an international clinical trial program, and patients who participated in 9 clinical trials, including 2 open-label extension studies ( Figure 1A ) 11, 12, [16] [17] [18] [19] [20] . For 6-month placebo-controlled analyses, events were pooled from studies with a 6-month placebo-controlled treatment period (IIa, DANCER, REFLEX, and SERENE).
Prior to each infusion of rituximab, most patients received methylprednisolone 100 mg intravenously (IV), and in some cases received additional oral corticosteroids, depending on the specific study. Most patients also received acetaminophen and an antihistamine prior to each infusion. The safety analysis population included all patients who received any dose of rituximab. A single course of rituximab was defined as IV infusions of either 2 × 500 mg or 2 × 1000 mg given 2 weeks apart. Patients were re-treated with rituximab about every 6 months in some studies (re-treatment if DAS28 ≥ 2.6; SERENE, MIRROR, SUNRISE) while in other studies time to re-treatment was more variable (IIa, DANCER, REFLEX, SIERRA).
Safety assessments. Safety monitoring included the collection of all AE and serious AE (SAE), regardless of cause. All AE were graded according to the Common Terminology Criteria for AE, version 3, or per reported protocols 11, 12, 15 . In all studies, patients were followed for the duration of the study period and then for at least 1 year after completion or withdrawal, or longer for patients whose peripheral CD19-positive B cells were below the lower limit of normal (LLN) or baseline. SAE were defined as events that were fatal, immediately life-threatening, required inpatient hospitalization or prolongation of an existing hospitalization, medically significant, or required intervention to prevent one of the above outcomes. For classification purposes, original terms were assigned preferred terms, using the Medical Dictionary for Regulatory Activities (MedDRA), version 10.1.
Serious infection events (SIE) were defined as SAE infections and infections treated with IV antibiotics. Potential opportunistic infections were evaluated using a glossary of MedDRA terms. An infusion-related reaction (IRR) was identified by a glossary of MedDRA terms for AE occurring during or within 24 hours of an infusion. Malignancies were identified using standard MedDRA Query terms for malignancy.
Event rates were calculated as events per 100 patient-years (pt-yrs) of rituximab exposure. Overall event rates were based on all exposed patients and all reported events, regardless of number of courses received, while per-course rates were limited to the first 5 courses.
Immunoglobulin levels (isotypes IgA, IgG, IgM) and human antichimeric antibodies against rituximab (HACA) were assessed periodically, on average every 8 to 12 weeks, depending on the trial. Multivariate Cox regression analyses were performed to identify independent baseline predictors of serious infection and separately to identify predictors of having sustained low IgG levels (defined as IgG below the laboratory LLN on at least 2 consecutive occasions for at least 1 year). Potential predictors included baseline steroid use, rheumatoid factor seropositivity, RA duration, age, prior use of TNF inhibitor(s), and baseline immunoglobulin levels. Patients who neither withdrew nor received a subsequent course before the data cutoff were considered remaining "on-study."
RESULTS
Disposition
A total of 123 patients (5%) who received rituximab withdrew because of AE, including 57 (2%) because of SAE. The most common AE leading to withdrawal, excluding arthritis-related events, were IRR (29 events), malignancies (19 events), infections (15 events), and cardiac disorders (6 events). All other AE leading to withdrawal were isolated cases with no apparent pattern. Baseline characteristics of patients. The majority were female (80%), with mean age 53 years, and disease duration 10 years (Table 1 ). Prior to rituximab treatment, patients had received, on average, 3 previous biologic or nonbiologic disease-modifying antirheumatic drugs (DMARD; excluding MTX), with 53% of patients previously treated with TNF inhibitor(s). Overall and SAE. The overall rate of AE was 359.6 events per 100 pt-yrs (95% CI 354.4, 364.9). Overall AE rates were highest for Course 1, declining for Course 2, and then remaining stable for further courses (Table 2, Figure 2 ). The higher rate with Course 1 was largely due to nonserious IRR during the first infusion of Course 1. The most commonly reported AE were IRR, particularly with Course 1 (25% of patients during the first infusion). Other AE that occurred in ≥ 10% of patients (but not including RA exacerbation) included upper respiratory tract infections (19%), nasopharyngitis (13%), urinary tract infection (11%), and bronchitis (10%). Eighty-three percent of AE were Grade 1-2 (mild to moderate), 7% of AE were Grade 3, and 0.4% of AE were Grade 4.
The overall SAE rate was 17.85 events/100 pt-yrs (95% CI 16.72, 19.06). The rate of SAE within sequential 6-month intervals up to a total duration of 5 years and irrespective of the number of rituximab courses was stable ( Figure 2B ).
Similarly, the rate of SAE within each treatment course remained stable across courses ( Table 2 ). The most common SAE, excluding arthritis-related events such as joint replacement surgery and RA exacerbation, were pneumonia (n = 27, 1%), fall (n = 25;~1%), and myocardial infarction (MI; n = 23, 0.9%). The rate of MI was 0.56 per 100 pt-yrs. Patients who received a re-treatment course are indicated. Withdrawals due to adverse events (AE), deaths, and reasons other than AE, are shown. "Other" includes insufficient therapeutic response, failure to return, violation of selection criteria at entry, other protocol violation, refused treatment/did not cooperate, withdrew consent, administrative/other, lost to followup, physician's decision to withdraw, and pregnancy. After courses 1 and 2, study completers from SUNRISE and SIERRA, who were not offered additional courses of rituximab, are shown. *On study but without further infusions at time of data cut. **Withdrawal for reasons other than AE. ***Patients completed their course and were not offered additional re-treatment courses.
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The rates did not increase over repeated courses of rituximab. The majority of these patients had 1 or more risk factors for MI, including prior MI, ischemic heart disease, coronary artery disease, hypertension, diabetes, or hypercholesterolemia. Congestive heart failure SAE were reported in 3 patients. During the 6-month placebo-controlled periods, rates of cardiovascular SAE were similar between the placebo and rituximab groups (1.2% and 1.3%, respectively; Table 3 ).
Thirty deaths (0.6 per 100 pt-yrs) were reported. Causes and time to death were variable, without a discernible pattern, and there were no infusion-related deaths. The standardized mortality ratio (SMR) compared to the general US population, adjusting for age and sex, was 0.83 (95% CI 0.56, 1.18) 21 .
IRR were experienced by 915 patients (36%), with the incidence being highest during the first infusion of Course 1 (25%). The incidence of IRR in all subsequent courses was reduced ( Figure 2A ). The most common IRR symptoms were headache, pruritus, throat irritation, flushing, rash (typically described as urticaria and erythema), hypertension, and pyrexia. Most reactions were mild to moderate in severity. The proportion of patients with IRR that required slowing, stopping, or interruption of infusion was the highest during Course 1 (9%), and subsequently declined to 5%, 3%, 2%, and 0% for Courses 2 to 5, respectively. Overall, < 1% of patients withdrew because of IRR. Of the IRR reported, 15 events in 14 patients (0.5%) were SAE. These included anaphylactic reactions, edema, rash, headache, throat irri- Immunogenicity. Eleven percent (273/2578) of patients had a HACA-positive titer on at least 1 visit. The proportion of patients with overall IRR upon re-treatment was similar between patients who were previously HACA-positive and patients who were previously HACA-negative, with 15% (24/157) of patients who were previously HACA-positive and 17% (286/1733) of patients who were previously HACA-negative experiencing IRR during Course 2. Two patients who were HACA-positive experienced serious infusion reactions with re-treatment. One of these patients tested HACA-positive prior to infusion and the other subsequently. This compares with a total of 14 patients with serious infusion reactions (0.5%) in the entire population, regardless of HACA positivity. Infections. A total of 1663 (65%) patients experienced infections with a rate of 97.7 per 100 pt-yrs (95% CI 95.0, 100.5). During the 6-month placebo-controlled periods, rates of overall infections were similar between the placebo and rituximab groups (39% and 40%, respectively; Table 3 ). SIE were reported in 170 patients (7%), an overall serious infection rate of 4.31 per 100 pt-yrs (95% CI 3.77, 4.92). The most common serious infection was pneumonia, affecting 27 patients (1%). All other serious infections were reported in < 1% of patients, the most common of which were cellulitis (15 patients) and urinary tract infection (13 patients). During the 6-month placebo-controlled periods, rates of serious infections were similar between the placebo and rituximab groups (1.6% and 1.7%, respectively; Table 3 ).
The rates of both overall and serious infections were stable over time and also between courses ( Table 2 , Figures 2C  and 2D) , with a higher rate of overall but not serious infection observed during the initial 6 months of treatment. A higher point estimate was seen for serious infections during Course 5, but with a wide CI.
Opportunistic infections and infections of special interest.
There were no cases of tuberculosis, disseminated fungal infections, or other serious opportunistic infections during the analysis period. After the analysis data cutoff date, 1 case of progressive multifocal leukoencephalopathy (PML) was reported in a patient who had developed oropharyngeal cancer and received cancer chemotherapy and radiation. This event occurred about 18 months after the last dose of rituximab and 9 months after receiving chemotherapy and radiation.
Herpes zoster occurred in 49 patients (2%) for a rate of 0.98 events per 100 pt-yrs. One of the 49 cases was an SAE that resolved, and the others were nonserious AE. Immunoglobulin levels. Prior to receiving rituximab, 38 (1.5%), 41 (1.7%), and 18 (0.7%) patients had IgM, IgG, and IgA levels below the laboratory LLN, respectively. Serum immunoglobulin levels, especially IgM, decreased during followup, with 602 (23%) patients developing IgM < LLN on at least 1 visit at any time during post-baseline followup. A total of 141 (5%) patients developed IgG < LLN on at least 1 visit, with 32 (1%) of these patients with sustained IgG < LLN for at least 1 year and 2 consecutive visits. Five patients had very low IgG levels (< 3 mg/ml) and 14 patients (< 1%) had IgA levels < LLN at any time. Median immunoglobulin levels remained > LLN over multiple treatment courses (Figure 3 ). There were no cases of undetectable immunoglobulin levels.
The proportion of patients with immunoglobulin levels < LLN by course was also assessed. The proportion of patients with IgM < LLN at 6 months post-infusion increased by course. Following Course 1, 10% of patients had IgM < LLN, vs 40% following Course 5. Conversely, the proportion of patients with IgG < LLN by course remained relatively stable, with 3%-6% < LLN; the proportion of patients with IgA < LLN remained very low and no different from baseline, at < 1%. Immunoglobulin levels and infections. SIE rates were similar before and after the detection of low IgM or IgG ( Table  4 ). The sample size of patients with IgA was too small for meaningful infection analyses. The rates of SIE were numerically (but not significantly) greater following the development of low IgG at any time. Among the 32 patients with sustained low IgG, 6 patients experienced SIE; 10 of these 32 patients also had sustained low IgM, and 1 of these 10 patients experienced an SIE. Of potential predictors of serious infection, older age was the only independent predictor (HR 1.43 for every 10-years increased baseline age, 95% CI 1.24, 1.63, p < 0.001). Baseline immunoglobulin levels were not independent predictors of serious infection. IgG decreases were often transient, but some patients (n = 32) had sustained low IgG. Older age was also an independent predictor of sustained low IgG (HR 1.64 for every 10-years increased baseline age, 95% CI 1.11, 2.43, p = 0.012). Among the 5 patients with very low IgG levels (< 3 mg/ml), there were no serious infections. Malignancies. The overall incidence of malignancies excluding nonmelanoma skin cancer was 0.84/100 pt-yrs (42 patients, 1.6%). The incidence rate was stable over multiple rituximab courses. No identifiable pattern of malignancies was observed. There was 1 case of lymphoma (Hodgkin's). The age-and sex-adjusted standardized incidence ratio (SIR) for malignancies, compared with the general population in the Surveillance, Epidemiology, and End Results database, was 1.05 (95% CI 0.76, 1.42).
DISCUSSION
We describe safety data from an international rituximab RA clinical trial program in 2578 patients with 5013 pt-yrs of followup. This analysis represents the largest longitudinal safety report of rituximab in RA to date and greatly increases the power to detect common and rare safety risks compared with a more recent report of 1600 pt-yrs of followup 13 . Rituximab was generally well tolerated over multiple courses, consistent with previous smaller studies 11, 12, 15 , and the risk of SAE, including serious infections and infusion reactions, was not increased by treatment course or overall time of exposure to rituximab.
Although patients may have received up to 10 courses of rituximab, only patients who received up to 5 courses were evaluated per course because the numbers of patients who received > 5 courses were small and point estimates of rates had wide CI. The patients enrolled in the trials studied had active, longstanding disease, about half the patients having previously received treatment with TNF inhibitor(s).
The most common AE were infusion-related reactions (IRR). The rates of IRR decreased over successive courses of rituximab, and were more common with the first infusion of each course compared to the second infusion. This pattern is consistent with the hypothesis that cytokine release syn- The overall rate of serious infection was 4.31 infections per 100 pt-yrs (95% CI 3.77, 4.92), and is in the range of other RA biologics. In a longterm followup of etanercept, a rate of 4.2 events per 100 pt-yrs (range 2.9-5.8 serious infections per 100 pt-yrs) across 8 years of followup was reported 22 . Similarly, adalimumab showed a rate of 5.1 serious infections per 100 pt-yrs 3 , while the rates of serious infection reported for abatacept have ranged from 4.2 to 5.3 events per 100 pt-yrs in longterm followup analyses 23, 24 . Importantly, there were no notable differences in serious infections between rituximab and placebo during placebo-controlled observation periods.
Viral reactivation is a potential concern in immunosuppressed patients. The rate of herpes zoster infections (0.98 events per 100 pt-yrs) was similar to that reported for other RA populations. Among patients with RA enrolled in the National Data Bank for Rheumatic Diseases study, the incidence of herpes zoster was 1.32 per 100 pt-yrs 25 . Among patients with RA, in both the General Practice Research Database and the PharMetrics healthcare claims database, the incidence of herpes zoster ranged from 1.06 to 0.98 per 100 pt-yrs 26 . The much more serious and rare opportunistic infection PML, caused by reactivation of the JC virus, occurred in a patient who also received cancer chemotherapy. PML has also been reported in patients with autoimmune diseases other than RA, who had received other immunosuppressive therapies with or without rituximab 27, 28 . The effect of rituximab treatment in relation to PML remains unclear, although patients with systemic lupus erythematosus (SLE) may be predisposed to PML and in 2 cases of patients with SLE who were treated with rituximab, PML was reported 29 .
Average IgM levels decreased with multiple courses of rituximab, but this did not appear to be associated with an increased rate of serious infection. Decreases in IgM levels may be due to the presence of IgM on plasmablasts containing CD20 30 . Levels of IgG and IgA also decreased in some patients, but to a minimal degree compared with changes in IgM. Sustained low IgG levels were rare, occurring in 1% of patients. Classical observations have shown that IgG is the most important among serum immunoglobulins for protective immunity and that patients with low levels of IgG are at increased risk of serious infections 31 . Among patients with low IgG levels at any time, there was a nonsignificant trend toward higher rates of serious infections occurring at variable times from the measurement of low IgG.
Certain factors may lead to decreases in IgG levels, including older age and concomitant steroid use. Indeed, in placebo-controlled studies, decreases in IgG levels were also seen in placebo-treated patients who received corticosteroids. In studies of rituximab for multiple sclerosis, IgG levels appeared stable where concomitant corticosteroids were not used 32, 33 . In our analysis, older age was most strongly predictive of sustained low IgG levels. Older patients are known to be at increased risk of infection and waning humoral immunity 34 . Given concomitant corticosteroid use in the clinical trials, the contribution of rituximab treatment to the development of low IgG in some patients is not clear. Irrespective of the underlying mechanisms for patients who had low IgG levels, this subset of patients may be at higher risk for infections and should be monitored closely.
There were no notable differences in serious cardiovascular events during placebo-controlled periods. In the longer-term analyses, MI was one of the most common SAE reported, occurring at a rate of 0.56 per 100 pt-yrs. This is expected, given that patients with RA are at increased risk of cardiovascular disease 8, 9 . The rate of MI observed is consistent with rates reported in epidemiologic studies of patients with RA. The British Society for Rheumatology Biologics Registry reported a rate of MI of 0.48 per 100 pt-yrs for patients treated with TNF inhibitors and 0.59 per 100 pt-yrs for patients treated with traditional DMARD 35 . The British Columbia Claims Database reported an MI rate of 0.53 per Table 4 . Rate of serious infections prior to and after immunoglobulin levels below the lower limit of normal (LLN) on at least 1 occasion. Multiple occurrences of the same event in 1 patient are counted multiple times. LLN was 5.2 to 6.7 mg/ml for immunoglobulin G (IgG) and 0.5 mg/ml for immunoglobulin M (IgM), depending on the laboratory. 100 pt-yrs in patients with RA 36 . There was no evidence for an increased association between MI and rituximab treatment in patients with RA.
The types of malignancies observed were variable. Only 1 lymphoma was reported, although lymphomas have been shown to have a higher incidence in patients with RA as compared with the general population 37, 38 . The age-and sex-adjusted standardized incidence ratio (SIR) for malignancies among patients treated with rituximab was 1.05 (95% CI 0.76, 1.42). The SIR of rituximab falls within the range of results reported in 4 similar analyses (SIR estimates: 1.0, 1.1, 1.2, 1.52) comparing the incidence of malignancies among patients with RA to that of general populations 39 , and a US study found the rate of physician-determined malignancies was 1.30 per 100 pt-yrs (95% CI 1.19, 1.41) 38 . These data indicate that patients with RA treated with rituximab were not at an increased risk of malignancy compared with other patients with RA and the general US population.
The mortality rate observed was 0.6 per 100 pt-yrs, with a SMR of 0.83 (95% CI 0.56, 1.18), indicating no difference in mortality between rituximab-treated patients with RA in clinical trials and the general US population 13, 21, 22, 40 .
There are some potential limitations in the approaches used for our analysis. We pooled information from diverse controlled studies in which re-treatment, active disease status, and rituximab doses could differ. Longterm followup data from patients originally recruited for a randomized clinical trial are constrained by the inclusion and exclusion criteria used in the specific trials. Clinical trial data of this type are also, by necessity, derived from study completers, although in this analysis the population included both patients who had initially been randomized to rituximab and patients who had a positive result (and were therefore motivated to continue), and also patients who did not respond after initial treatment with rituximab or placebo and were therefore motivated to use rituximab in an open-label study. Moreover, withdrawal due to AE was low (5%). Because 2 of the studies were limited to patients receiving 1 or 2 courses of rituximab per protocol, the number of patients eligible for Course 3 and beyond was more limited than for Courses 1 and 2 (although still over 1000 patients). Strengths of this study include longterm followup with frequent assessments in a population of patients with advanced RA.
In patients with RA treated with rituximab, the longterm safety profile in selected clinical trial populations was consistent with observations from placebo-controlled clinical trials. Over 5 courses of rituximab treatment, serious adverse events, including serious infection and infusion reactions, did not increase over time.
